INTRODUCTION
Insecticide resistance is one of the major obstacles to the control of agriculturally important arthropod pests. Resistance results in increased application frequencies, increased dosages, decreased yields, environmental damage, and outbreaks of human and animal diseases when vectors cannot be controlled. The World Health Organization has called insecticide resistance "the biggest single obstacle in the struggle against vector-borne disease" and one recent estimate suggested that the cost of resistance may be 81, 400,000,000 annually in the United States. 2 For these reasons, it is essential to understand the mechanisms by which insects become resistant so that we are able to intelligently design strategies to delay the onset of this potentially devastating problem. 3 Resistance can occur by different mechanisms, and one of the most important is increased detoxication mediated by the cytochrome P450 monooxygenases. 4 5) This resistance mechanism is very important because it can confer high levels of resistance, 67) effects many classes of insecticides and may also confer cross-resistance to unrelated compounds due to the breadth of substrates the monooxygenases can metabolize. 8 Furthermore, monooxygenase-mediated detoxication has been found as a mechanism of resistance in a large number of important pests. 9 P450-mediated resistance could occur as a change in the amount of a given P450 and/or by a change in the protein's (i. e. gene) catalytic activity. 5 Unfortunately, our understanding of the molecular mechanisms responsible for monooxygenase-mediated resistance is far from complete.
The microsomal cytochrome P450-dependent monooxygenases (hereafter called "monooxygenases") are extremely important because of their involvement in the metabolism of xenobiotics and endogenous compounds. In eukaryotes, monooxygenases are typically found in the endoplasmic reticulum of metabolically active tissues. Two of the most important components of the monooxygenase system are cytochrome P450, which acts as the substrate binding protein (and terminal oxidase), and NADPH-cytochrome P450 reductase (P450 reductase), which transfers electrons from NADPH to cytochrome P450. Cytochrome b5 is involved in certain monooxygenase reactions, in a P450 isoform specific manner. lo, 11) Monooxygenases are capable of oxidizing a bewildering array of xenobiotics because each organism has multiple cytochromes P450 (P450s). For instance, over 48 P450 genes have been identified in rats and over 400 cytochrome P450 cDNA sequences are now known in the P450 gene superfamily. 12 In addition, some of these isoforms (e. g. CYP6D 1) have fairly broad substrate specificity. 13 The specificity of the monooxygenase system, therefore, is dependent on the P450(s) present. 14 This complexity requires that individual cytochrome P450 forms be isolated in order to understand and characterize their contribution to important metabolic functions.
The P450 gene superfamily is composed of 70 families with 127 subfamilies12 and the number of sequences is growing rapidly. Sequences are named CYP (for ytochrome P450), followed by a number, a letter and a number indicating the family, subfamily and isoform, respectively. 15 Alleles are designated vi, v2, etc. Insect P450s are now found in six CYP families: CYP4, 6, 9, 12, 15 and 18 with 17 sequences from Anopheles albimanus, 14 from Drosophila and 12 from house fly. Clearly, there is a wealth of information about insect P450s that we are only beginning to tap. Two P450s have been isolated from organophosphate insecticide resistant insects: CYP6AJ from the Rutgers strain of house fly 16) and CYP6A2 from Drosophila. 17 These P450s were termed "resistance related" because their respective mRNAs were expressed at higher levels in a resistant strain compared to a susceptible strain. CYP6A1 has been shown to metabolize aldrin, 18 but there have been no reports that CYP6A1 is capable of metabolizing any of the insecticides to which the Rutgers strain is resistant. The observation that learn pyrethroid resistant (LPR) house flies have more CYP6A 1 mRNA than Rutgers, 19 yet have generally lower levels of resistance to organophosphates suggests that CYP6A1 may not be involved in insecticide resistance. In Drosophila, the role of CYP6A2 in insecticide resistance has not yet been determined. However, the long terminal repeat associated with this gene 17 issapparently not involved in DDT resistance. 20 Undoubtedly there are many P450s involved in insecticide resistance and their discovery will be of enormous value in solving the mystery of P450-mediated resistance. However, at this time CYP6D1 is the only P450 shown to be involved in insecticide resistance.
The LPR strain of house fly was originally collected in 1982 from a dairy in New York. After pyrethroid selection for 22 generations, 21 the LPR strain became homozygous for the major mechanisms of resistance and attained extremely high levels of resistance to phenoxybenzyl pyrethroid insecticides (e. g. 5000-fold cypermethrin resistance). 7
There is considerable evidence for the role of monooxygenases in pyrethroid resistance in the LPR strain. First, 95% of the permethrin resistance can be suppressed by the P450 inhibitor piperonyl butoxide. 7 Second, in vitro studies reveal that monooxygenase-mediated detoxication of permethrin, 7 deltamethrin 22 or cypermethrin (Zhang & Scott, unpublished) occurs at a rate nearly 10-fold greater in LPR compared to a susceptible strain. The enhanced in vivo metabolism of deltamethrin in LPR compared to the susceptible strain has also been demonstrated. 22 The two other mechanisms of resistance to pyrethroid insecticides in the LPR strain are insensitivity of the nervous system (kdr) and decreased cuticular penetration (pen). 7 23) PURIFICATION, CHARACTERIZATION AND SEQUENCE OF CYP6D1(P4501pr)
In 1989 a major cytochrome P450, termed P4501pr, was purified from LPR house flis to apparent homogeneity using two high performance liquid chromatography (HPLC) steps. 24 P4501pr appears to be a single cytochrome P450, since it cannot be resolved into multiple components chromatographically, electrophoretically or immunologically. 24' 25) A highly specific polyclonal antiserum (8-241) was raised in rabbits using purified cytochrome P4501pr protein as the antigen. 25 An internal cDNA fragment was amplified by polymerase chain reaction (PCR) using degenerate primers based on known P4501pr polypeptide sequences, and the remainder of the sequence was amplified by single side-specific PCR. 26 A 1. 8 kb cDNA sequence was obtained from 3 overlapping PCR products, with an open reading frame encoding a P450 protein of 516 residues (Mr 59, 182). This gene was designated CYP6D1 within the P450 gene superfamily. 26 CYP6D1 exhibits most similarity (28. 2-29. 8% positional identity based on an alignment of the deduced amino acid sequences) to butterfly CYP6B1, house fly CYP6A4, and Drosophila CYP6A2.
The deduced protein sequence contains a hydrophobic N-terminal region and conserved sequences thought to be involved in heme-binding and electron donor-protein interactions. Comparison of CYP6D 1 with its three most similar proteins (CYP6B 1, CYP6A2 and CYP6A4) reveals the presence of extensive stretches of residues that align in 2 possible substrate-binding regions. 26> Three introns of 74, 66 and 64 bp, having 5'-GT and AG-3' ends, split the CYP6D1 coding region in genomic DNA. 26 A large amount of evidence has accumulated indicating that CYP6D 1 is the P4501pr gene. [26] [27] [28] [29] [30] Northern blots of RNA from adults of the LPR and insecticide susceptible CS strains reveal that a CYP6D1 cDNA probe specifically hybridized with a single 2. 0 kb RNA band in both strains. 28 CYP6D 1 mRNA was expressed at a 10-fold higher level in LPR flies compared to CS flies. This agrees with previous results that found an 8-fold higher level of CYP6D1 protein in microsomes from LPR flies compared to susceptible flies. 31 To examine whether higher CYP6D1 expression in LPR flies is due to amplification of the structural gene, Southern blots of LPR and CS genomic DNA were hybridized with a 0. 5 kbp CYP6D1 cDNA probe. Similar hybridization intensities were found for LPR and CS DNA within each digestion set when equal amounts of DNA were loaded. 27 This suggests that the elevated level of CYP6D1 mRNA in LPR flies is not due to gene amplification. CYP6D1 mRNA expression is developmentally regulated with no CYP6D 1 mRNA detectable in eggs, larvae, or pupae. 27 High levels of mRNA were found in adults from 1 to 6 days old. The low levels of expression observed in day 3 pupae may be attributed to pharate adults in this sample. This pattern matches that observed for the CYP6D 1 protein. 32 Results from studies on individual tissues indicate that CYP6D1 protein is found in many tissues throughout the house fly abdomen, 33 34) The relative abundance of CYP6D 1 protein in microsomes from 3-5 day old female house flies decreased in the following order: fat bodies proximal intestine>reproductive system rectum in both susceptible and LPR (resistant) strains.
However, there was more CYP6D1 protein detected in each of the tissues from LPR compared to the susceptible strain. This is an important result because it suggests there is no single tissue or site within the house fly that is responsible for this resistance.
ROLE OF CYP6D1 AND CYTOCHROME B5 IN MONOOXYGENASE-MEDIATED PYRETHROID RESISTANCE
To ascertain the role of CYP6D1 in pyrethroid resistance in the LPR strain the P450-dependent metabolism of deltamethrin was investigated. Microsomes from susceptible or LPR house flies were treated with normal rabbit serum (i. e. the control) or anti-CYP6D 1 antiserum. Results demonstrated that cytochrome P450 monooxygenase dependent deltamethrin metabolism occurs at increased levels of in LPR microsomes compared to a susceptible strain. 22 Under these conditions virtually all of the deltamethrin was recovered unchanged from the susceptible strain in both the normal serum and antiserum treatments. However, 24% of the deltamethrin was metabolized by microsomes from LPR flies. This metabolism deltamethrin could be reduced to 3% by the addition of anti-CYP6D 1 antiserum indicating that CYP6D1 is the major P450 responsible for deltamethrin metabolism in LPR flies. Similar results have recently been observed for cypermethrin, and the primary CYP6D 1 specific metabolite formed in vitro was identified using GC-MS as 4'-OH cypermethrin (Fig. 1 , Zhang & Scott, unpublished). Using a cytochrome b5 antiserum it was demonstrated that cytochrome b5 is required for CYP6D1-mediated metabolism of cypermethrin in microsomes from LPR house flies (Zhang & Scott, unpublished) . Therefore, cytochrome b5 appears to be directly involved in CYP6D1-mediated pyrethroid resistance.
GENETICS OF CYP6D1-MEDIATED PYRETHROID RESISTANCE
To evaluate if there was a difference in CYP6D 1 proteins (i. e. CYP6D1 alleles) between LPR and pyrethroid susceptible strains we sequenced CYP6D1 from four pyrethroid susceptible strains of house flies. Comparison of the five CYP6D1 alleles reveals that the deduced protein sequence from the LPR allele differs from that of the CS, aabys, ISK and Rutgers (strain not homozygous) alleles by 8, 11, 7 and 6-7 amino acids, respectively. 27) Among them, 5 amino acids are the same in CS, aabys, ISK and Rutgers, but are different from LPR: Asp to Ala (150), Ile to Leu (153), Thr to Ser (165), Glu to Gin (218) and Met to lie (227). In addition, two other substitutions, Ile to Phe (220) and Thr to Asn (225) were observed in CS, aabys and ISK relative to LPR. 27) The observed amino acid substitutions occur at two highly variable regions among cytochromes P450 in family 6, and the changes at residues 218, 220, 225 and 227 are close to a proposed substrate binding region. 35) Similarly, CYP6B 1 v 1 and v2 differ by 9 of 498 amino acids (these sites do not align with the polymorphic sites in CYP6D1, unpublished) and have similar substrate specificities. 36) Whether or not the amino acid differences among the CYP6D 1 proteins results in different catalytic activity toward pyrethroid insecticides remains to be elucidated. To determine the chromosomal linkage of CYP6D 1, an oligonucleotide primer was designed from a polymorphic site in the CYP6D1 sequence, and allele specific polymerase chain reaction (ASPCR) was applied to the backcross progeny of LPR and the morphologically marked aabys strains (i. e. aabys X Fl (aabys X LPR)). CYP6D1 is linked to chromosome 1. 37)
Nineteen lines of house flies were derived from crosses of the pyrethroid resistant LPR (wild type) and susceptible aabys (bearing recessive morphological markers on each of the five autosomes) strains. Each line was homozygous for 1 or more wild type markers from the LPR strain. 29) The level of resistance to permethrin, with and without piperonyl butoxide (PBO), was measured for each line (relative to the aabys susceptible strain) in order to determine the genetic linkage of pyrethroid resistance (and PBO suppressible pyrethroid resistance, i. e. P450-mediated resistance) in LPR house flies. 29) PBO decreased permethrin resistance in strains bearing wild type markers on both autosomes 1 and 2 by 72-to 76-fold, compared to a 78-fold decrease in the LPR strain. However, when either the autosome 1 or 2 mutant marker was present, PBO did not substantially decrease the resistance. Thus, the high level of PBO suppressible resistance in the LPR strain (i. e. P450-mediated detoxication) was associated with autosomes 1 and 2 in combination. 29) Overexpression of CYP6D 1 (mRNA and protein) was linked to a combination of factors on autosomes 1 and 230) and CYP6D1 was mapped to autosome 1. 37 This demonstrates that increased expression of CYP6D1 in the LPR strain is both cis regulated by a factor(s) on autosome 1 and trans regulated by a factor(s) on autosome 2. Identification of the factors responsible for the elevated levels of CYP6D 1 (leading to increased CYP6D 1 protein and pyrethroid resistance) will vastly improve our understanding of this type of resistance.
SUBSTRATES AND INHIBITORS OF CYP6D1
The substrate specificity of CYP6D 1 was evaluated Fig. 1 Pathway of CYP6D1-mediated cypermethrin metabolism.
using anti-CYP6D 1 antiserum and four model monooxygenase reactions. 38) Anti-CYP6D 1 inhibited methoxyresorufin-0-demethylase (MROD) and benzo(a)pyrene hydroxylase (AHH) activity in LPR microsomes, but did not substantially inhibit pentoxyresorfin-0-dealkylase (PROD) or ethoxycoumarin-0-dealkylase (ECOD) activity. 38 Therefore, CYP6D1 carries out the vast majority of benzo(a)pyrene, methoxyresorufin38) and deltamethrin metabolism, but not ethoxyresorufin, ethoxycoumarin or pentoxyresorufin metabolism in LPR microsomes. These results demonstrate that a single insect P450 is capable of carrying out a wide variety of metabolic reactions. Given that the known substrates for CYP6D 1 are structurally diverse, the substrate specificity of CYP6D1 is currently unpredictable. l3)
Using a CYP6D1-specific monooxygenase activity and a non-CYP6D 1-specific monooxygenase activity, 21 compounds were evaluated as inhibitors of CYP6D 1 in house fly microsomes. CYP6D 1 was strongly inhibited by xanthotoxin, chlorpyrifos, p-napthoflavone, piperonyl butoxide and 5-methoxypsoralen. 39 The highest selectivity for inhibition of CYP6D 1 was seen for 5-methoxypsoralen, xanthotoxin, f3-napthoflavone, chlorpyrifos oxon, isosafrole and psoralen. 39 The results clearly indicate that identification of isoform selective inhibitors of P450s within an insect, and between species, is possible. In addition, isosafrole was shown to be a potent synergist of pyrethroid insecticides in adult house flies. 39) CONCLUSIONS Understanding of monooxygenase-mediated resistance has progressed considerably in the past several years. Increased expression of CYP6D 1 is clearly a mechanism of resistance to pyrethroids in house flies, although the role (if any) of different alleles between resistant and susceptible strains remains uncertain. Current efforts to understand the gene regulation of P450s involved in insecticide resistance will enhance our understanding of the biochemistry and genetics of insects and will provide unique opportunities for delaying the evolution of insecticide resistance.
